30 Human activities have fundamentally altered biodiversity. Extinction rates are 31 elevated and model projections suggest drastic biodiversity declines. Yet, observed 32 temporal trends in recent decades are highly variable, despite consistent change in 33 species composition. Here, we uncover clear spatial patterns within this variation. We 34 estimated trends in the richness and composition of assemblages in over 50,000 time-35 series, to provide the most comprehensive assessment of temporal change in 36 biodiversity across the planet to date. The strongest, most consistent pattern shows 37 compositional change dominated by species turnover, with marine taxa experiencing 38 up to fourfold the variation in rates of change of terrestrial taxa. Richness change 39 ranged from no change to richness gains or losses of ~10% per year, with tropical 40 marine biomes experiencing the most extreme changes. Earth is undergoing a process 41 of spatial reorganisation of species and, while few areas are unaffected, biodiversity 42 change is consistently strongest in the oceans. 43
regions of the globe are projected to experience different trends in biodiversity 48 change, particularly due to variation in the strength of drivers such as land use 49 intensity 3 and climate change 4 . There are widespread changes in the identities of 50 species that live in any one location (species composition), whereas shifts in the 51 numbers of species (species richness) show a mixed pattern with increasing, 52 decreasing, or static trends 5-8 . However, the spatial distribution of the locations most 53 affected is unknown. Here, we map biodiversity change, as species richness and 54 composition, to establish whether there are systematic trends in the biogeography of 55 biodiversity change. Our analysis compares marine and terrestrial realms, as well as 56 different biomes, and latitudinal bands examined as polar, temperate, and tropical 57 regions of the globe. 58 59 Biodiversity and its change is unevenly distributed on the planet 9,10 , and unevenly 60 sampled [11] [12] [13] [14] . Detecting geographic variation in biodiversity trends will inform 61 conservation prioritisation and improve estimates of global biodiversity change. 62
Moreover, quantifying this spatial distribution will help refine hypotheses about the 63 drivers of biodiversity change. The spatial distribution of drivers of biodiversity 64 change is heterogeneous 15, 16 and fundamentally differs between the marine and 65 terrestrial realms 17 . Specifically, there is more spatial overlap between climate change 66 and other drivers of change in the marine realm than in the terrestrial realm 17 . 67
Understanding the biogeography of biodiversity change across realms is essential for 68 reliable forecasting future change and its consequences. 69 70 Quantifying biogeographic patterns of biodiversity change will allow us to assess the 71 ongoing spatial re-organisation of species. This reorganisation is being driven by 72 climate change driven range shifts 4,18 , altered species abundance due to land-use 73 change 3 and widespread species introductions 19 . Local or regional richness will 74 decline when species losses exceed species gains, for example, in areas where land-75 use intensity is high 3 and/or when range sizes contract 20 . Conversely, local or regional 76 richness will increase when species gains exceed losses, occurring, for example, in 77 places where species are introduced 21-23 and where ranges expand 24,25 , or when 78 species are favoured by land-use change 26 . Combinations of different anthropogenic 79 drivers can lead to increases or decreases, depending on the magnitude of each 80 driver 27 . 81 82 Here, we quantified biogeographic variation in patterns of change in both species 83 richness and composition from a compilation of over 50,000 local assemblage time 84 series (ranging from 2 to 97 years; mean = 5.5 years) across the globe. We use the 85 BioTIME database, which is currently the largest collation of assemblage time series 86 (332 studies analysed 28 ; plus 26 other studies; see Table S1 in Dornelas et al. 2018; 87 Extended Data Fig. 1 ). The null expectation is that overall species richness should 88 remain largely stable even when compositional turnover is high, due to species gains 89 and losses at local scales being approximately balanced and widespread community 90 regulation [29] [30] [31] . Results from a number of analyses are consistent with this 91 expectation [5] [6] [7] [8] 29 . Yet there is scope for non-random spatial patterns within the 92 distribution of local species gains, losses and compositional change. Here, we 93 quantify variation in biodiversity change trends among realms, biomes, latitudinal 94 bands and taxa. 95 96
Biodiversity trends across the globe 97
To examine biogeographical patterns in biodiversity change we estimated trends in 98 richness and composition change using hierarchical linear models. After standardising 99 for spatial extent and sampling effort of each time-series, we quantified biogeographic 100 variation by examining departures from overall trends for 48 biomes and 9 101 taxonomic-habitat groupings (hereafter referred to as taxa; amphibians, benthos, 102 birds, fish, invertebrates, mammals, marine invertebrates/plants, plants, and multiple 103 taxa) that were nested within biomes (resulting in 105 biome-taxa combinations [table  104 S1]). We also examined the robustness of our biome-taxa models by fitting a second 105 set of simpler hierarchical models, where taxonomic groups were nested within 106 latitudinal bands (i.e., polar, temperate, tropical) for each realm (marine, terrestrial, 107 freshwater; [table S2 ] see supporting information for details). 108
109
Our results show that variation in biodiversity change is greater in the marine versus 110 the terrestrial and freshwater realms. The overall trend in richness change was not 111 statistically distinguishable from zero ( Fig. 1 ), neither globally, nor at the biome level. 112
This result was robust to sensitivity analyses regarding time series duration and start 113
year (Extended Data Figs. 4 to 7). However, variation in departures from the overall 114 trend were almost four times greater among marine biomes (median biome departure 115 range: -0.0014 --0.0017, n = 33; Fig. 1a ) compared with terrestrial and freshwater 116 biomes (-0.0006 --0.0002, n = 15; Fig. 1b ). Thus, taxa in marine biomes frequently 117 represented extremes at both ends of the range of observed change in species richness 118 -negative trends of approximately 10% species loss per year and positive trends 119 approaching 15% species gains per year ( Fig. 2a ). At the taxa-level, this volatility in 120 marine species richness change meant that a higher proportion of biome-taxa 121 combinations were undergoing richness changes that differed from zero with 95% 122 probability (36/78) compared with terrestrial and freshwater taxa (7/27). 123 124 Richness trends varied substantially across taxa within biomes, and this variation was 125 spatially structured, with the most pronounced trends found within tropical latitudes. 126
Negative richness trends (i.e. slope estimates with 90% credible intervals that do not 127 include zero) were present for taxa in five out of twelve marine tropical biomes, with 128 positive trends present in three ( Fig. 2a ). These results were consistent with our 129 simpler hierarchical model that showed overall declines within tropical latitudes for 130 marine taxa ( Fig. 2b ). Locations where species losses outweigh gains could be driven 131 by range contractions, or by the loss of more specialised or thermally restricted 132 species as climate change, land use or seascape change, and other anthropogenic 133 drivers affect tropical habitats 32,33 . Geographic gaps from terrestrial tropical systems 134 remain in our assemblage time series data, precluding direct comparison between the 135 realms (see also Extended Data Fig. 1 ). The high rates of change we observed in the 136 marine tropics are consistent with predictions that tropical species will be relatively 137 sensitive to extreme heat events, because they are closer to their physiological limits, 138 resulting in biodiversity loss 34 . However, overexploitation, pollution, and other threats 139 are likely also contributing to biodiversity change. To examine changes in species composition, we partitioned total Jaccard dissimilarity, 166 calculated as the dissimilarity between the initial and each subsequent year of a time 167 series, into the additive components of turnover and nestedness 35 2). This means that compositional change was dominated by species replacement 176 within assemblages, with approximately 25% of species within assemblages being 177 replaced per decade. Marine biomes showed both positive and negative departures 178 from the overall trend (i.e., depending on the biome, more and less compositional 179 change over time than the global average; Fig. 3a ). In contrast, the terrestrial biomes 180 showed mostly negative departures from the global average ( Fig. 3b ), often in highly 181 developed regions of the globe (e.g., Northeast US, Europe, Japan). Similar to our 182 finding for species richness change, variation in rates of turnover were more than 1.5 183 times greater in marine biomes ( Fig. 3 ) and 2.5 times greater among marine taxa when 184 compared to their terrestrial and freshwater counterparts ( Fig. 4) . Taxa in terrestrial 185 and freshwater biomes represented 9 of the 10 lowest rates of turnover, whereas, 9 of 186 the 10 highest rates of turnover were marine taxa ( 
Linking richness and composition change 214
To illustrate the relationship between trends in species richness and composition, we 215 plotted the dominant component of composition change (turnover or nestedness) for 216 each biome-taxa combination as a function of species richness change (Fig. 5a, b) . 217
When turnover is the dominant component, this relationship shows how fast new 218 species are replacing original species, and whether or not these arrivals influence the 219 total number of species in assemblages. We found rates of turnover change to exceed 220 nestedness for more than 90% of biome-taxa combinations (97/105; Fig. 5b, c, d) . For 221 these taxa, approximately one-third (31/97) had both rates of turnover and species 222 richness trends different from zero (Fig. 5c This spatial and taxonomic variation in biodiversity trends means that global trends of 301 biodiversity need to be based on spatially representative data. However, and despite 302 using the largest compilation of biodiversity time series to date, our analysis suffers 303 from many blind-spots. Our results highlight how improving our understanding of 304 biodiversity change will require filling the gaps by improving biodiversity monitoring 305 and moving towards global stratified random sampling of biodiversity. 306
307
In summary, biodiversity change has strong biogeographic variation. We have 308 identified hotspots of richness gains and losses, as well as species replacement. The 309 marine realm emerges as having the strongest change, and the marine tropics in 310 particular, as having a higher prevalence of richness losses. This spatial variation 311 suggests we need to abandon a view of homogenous loss of biodiversity, as the mean 312 of local change across the globe does not differ from zero, and is not necessarily 313 representative of local trends. Our work suggests an urgent need to better understand 314 why there is such geographic variation. The spatial variation described here should 315 inform conservation prioritisation by identifying the parts of the planet changing most 316 rapidly, as well as those that are more stable. In the field of climate science, there was 317 a shift in wording from global warming to climate change. Similarly, our results 318 justify a shift in focus towards recognising that biodiversity change in the 319 Anthropocene has contrasting effects in different parts of the planet. 320
Methods 321
Data description and pre-processing 322
The BioTIME database represents the largest global effort mobilizing assemblage 323 time series (range = 2 to 97 years; mean = 5.5 years), includes 386 studies, and 324 currently holds over 12 million records of abundance for over 45 thousand species 325 across plants, invertebrates, fish, birds and mammals 28 . Analyses presented in this 326 study are based on time series of abundance data (i.e., the studies that recorded counts 327 of the number of individuals for each species in an assemblage). 328
329
As we were interested in quantifying biodiversity change at the local scale, studies 330 with multiple sampling locations and extents greater than 71.7 km 2 were partitioned 331 into 96 km 2 grid cells (studies with extents < 71.7 km 2 were assigned to the grid cell 332 in which they were centered). Each cell was given a unique identifier that was the 333 concatenation of the study ID and the cell reference number. Species were then 334 The groupings of taxa for both models were based on the metadata of BioTIME, and 358 included: amphibians, benthos, birds, fish, invertebrates, mammals, marine 359 plants/invertebrates, plants, and multiple taxa for studies that measured more than one 360 taxa group. We fit models where there were more than three cell-level times series per 361 group, and discuss trends at the biome and taxa levels for the BT model, and for the 362 realm-climate-taxa level for the RCT model, as the analytic technique is not well 363 suited to describing trends at the cell-level where the data are sparse. Both models 364 were fit with year as a population (or global) parameter, and year (i.e., the slope 365 parameter) and the intercept were allowed to vary for each of the hierarchical levels of 366 the models. 367
368
We quantified change in species richness and community composition (total Jaccard 369 dissimilarity, and the turnover and nestedness components 
421
Group-level parameters were all assumed to be N(0, σ ), and priors on the σ were the 422 same for all models of composition (the turnover and nestedness components of 423 Jaccard's dissimilarity) and the RCT of species richness (i.e., as follows, with the k 424 subscript dropped for the RCT models): 425
427
The group-level parameters of the BT species richness model were also assumed to be 428 N(0, σ ), but the priors were drawn from the student t distribution: 429 
436
Model convergence and goodness of fit were assessed using a combination of 437 statistics (Gelman-Rubin diagnostic 51,52 ) and visual inspection of the Markov chains. 438 439 All data manipulation and analysis were conducted in R (3.3.1 or greater 53 ). Models 440 were coded using the 'brms' package (version 1.5.1 or greater 50 ), which fits models 441 with the probabilistic programming language Stan 50 . 442
Sensitivity analyses 443
A recurrent criticism of existing time series analyses is the lack of an appropriate 444 baseline from which to detect change 11, 54 . Obtaining baselines for all of the datasets in 445 the BioTIME database is unrealistic, but we assessed whether the rates of change are 446 themselves changing through time by quantifying biodiversity change for different 447 time periods (since the 1950's). To do this, we subset the data into three periods: 448 1951-1970, 1971-1990, and 1990-2010 The remaining 8% (26 references) of biodiversity studies analysed were used with 476 permission. Some of these studies are published and publicly available outside of the 477 BioTIME database, and others are available with permission from the corresponding 478 author on reasonable request. For more details regarding the original citations, 479 corresponding authors, and availability of these datasets, please refer to Table S1 in 480 Dornelas et al. (2018) . 481
